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Abstract 

The structures of magnesium bis(trifluoromethylsulfonyl)amide (Mg[TFSA]2) and its adduct 

forms, −[Mg(L)n][TFSA]2− with common ligands (L) such as ethanol, ethyl acetate, and 

water, namely [Mg(C2H5OH)4][TFSA]2, [Mg(C2H5OH)6][TFSA]2, 

[Mg(C2H5OOCCH3)2][TFSA]2, [Mg(H2O)2][TFSA]2, and [Mg(H2O)6][TFSA]2(H2O)2, were 

prepared and characterized by single-crystal X-ray diffraction and Raman spectroscopy. In 

every case, Mg
2+

 was octahedrally coordinated to six O atoms of TFSA
− 

and/or the ligand. 

The crystal structure of Mg[TFSA]2 indicated the presence of disordered cis (12%) and trans 

(82%) ligand anion conformers. [Mg(C2H5OH)4][TFSA]2 appeared to be a new example of a 

coordination compound in which the TFSA
− 

anions adopt a trans conformation while bonded 

to the metal core. Crystallographic data allowed us to propose a scheme of stepwise σ-donor 

ligand coordination to the Mg
2+

 core in Mg[TFSA]2 and [Mg(L)n][TFSA]2 salts. This scheme 

is consistent with the literature data and indicates that the conformation of TFSA
− 

anions in 

[Mg(L)n][TFSA]2 depends on the number of ligands coordinated to the Mg
2+ 

core, regardless 

of the ligand. 

 

 

  

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Introduction 

Since the discovery of bis(trifluoromethylsulfonyl)amide in Xe[(N(SO2CF3)2]2 by Foropoulos 

and DesMarteau,
[1]

 N(SO2CF3)2
−
 (TFSA

−
) salts have been investigated by many research 

groups.
[2]

 Nowadays, these salts have applications as electrolytes in secondary batteries 
[3]

 or 

fuel cells,
[4]

 and as catalysts in Diels-Alder 
[5]

 and Friedel-Crafts reactions.
[6]

  

Recently, Mg[TFSA]2 received recognition as an electrolyte in Mg secondary batteries, 

which are interesting candidates for post Li-ion batteries due to their high specific capacities, 

low reduction potential, and the reasonable price of magnesium.
[7]

 However, there is little 

information on the structure of these electrolytes. For instance, the first report of a Mg
2+

 

coordination state in Mg[TFSA]2-based electrolytes, investigated by computational modeling, 

appeared in 2015.
[8]

 Our recent crystallographic and spectroscopic work revealed that Mg
2+

 in 

the Mg[TFSA]2-acetonitrile system adopts a homoleptic octahedral coordination with six N 

atoms from acetonitrile molecules.
[2n]

 To our knowledge, the crystal structure of pure 

Mg[TFSA]2, which provides valuable insight into understanding the Mg(L)n
2+

 (L = ligand) 

entity in Mg[TFSA]2-based electrolytes, is not known. 

Aside from practical applications, TFSA
−
 salts are interesting targets for structural 

investigation. TFSA
− 

anions can interact with metal centers as bidentate ligands or can bridge 

several metal centers.
[9]

 Cation–anion and fluorous interactions between CF3 groups 

commonly contribute to the formation of hydrophilic and hydrophobic domains in the lattices 

of TFSA salts.
[9-10]

  

In 1998, Johansson et al. predicted the existence of trans and cis conformations for TFSA
−
 

using ab initio calculations.
[11]

 The difference between conformers consists in the relative 

positions of the CF3 groups with respect to the S−N−S plane; in the trans conformation, these 

groups are located on opposite sides of the plane, while in the cis conformation, they are on 
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the same side. In the same year with the original computational work, crystallographic 

evidence of both conformers was obtained by Žák et al.
[12]

 Further work has allowed the 

regularity of the TFSA
−
 conformation in different lattices to be tracked. The trans conformer 

usually occurs in structures with weak cation–anion interactions, while the cis conformer 

occurs in structures where TFSA
−
 is bound to a metal center.

[9, 13]
 However, exceptions to 

these rules also exist, including several examples where the anion adopts a trans 

conformation while coordinated to the metal core;
[9]

 for instance [Rb(dioxane)2][TFSA],
[14]

 

[Rb(H2O)][TFSA],
[13]

 Zn[TFSA]2,
[6]

 Li[TFSA],
[4b, 15]

 and (p-cymene)Ru[TFSA]2.
[3d]

 To our 

knowledge, there is only one example of a TFSA
−
 anion adopting a cis conformation without 

contacting the metal center, found in a 1,3-dimethyimidazolium salt,
[16]

 for which the authors 

suggested that the formation of polar (charged) and apolar (fluorous) sheets in the lattice  

leads to stabilization of this conformation. 

In the present work, an approach to grow high-quality Mg[TFSA]2 crystals was established, 

allowing its crystal structure to be determined for the first time. In order to identify a general 

trend regarding the coordination environment of Mg
2+

 and the conformation of TFSA
–
 anions 

in different coordination compounds, a series of novel adducted forms of Mg[TFSA]2, 

[Mg(L)n][TFSA]2 with oxygen-containing σ-donor ligands ([Mg(C2H5OOCH3)2][TFSA]2, 

[Mg(H2O)2][TFSA]2, [Mg(C2H5OH)4][TFSA]2, and [Mg(C2H5OH)6][TFSA]2) were prepared 

and characterized by single-crystal X-ray diffraction. Although another salt obtained in this 

work, [Mg(H2O)6][TFSA]2(H2O)2, has previously been reported,
[9, 17]

 the low-temperature 

data collection identified a new phase for this compound, which is also discussed. A scheme 

for stepwise ligand attachment to Mg
2+ 

in Mg[TFSA]2 and [Mg(L)n][TFSA]2 is proposed on 

the basis of the crystallographic data acquired. Raman spectra acquired for the coordination 
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compounds prepared supplemented the discussion of TFSA
–
 bonding strength in these 

compounds, in terms of “weakly-bonded” and “strongly-bonded” systems. 

 

Results and discussion 

General remarks 

All crystals in this study appeared to be transparent and colorless, and are stable in air 

for a short (<5 min) time. Pure Mg[TFSA]2 and its adduct forms, 

[Mg(C2H5OOCCH3)2][TFSA]2, [Mg(H2O)2][TFSA]2, [Mg(C2H5OH)4][TFSA]2, and 

[Mg(C2H5OH)6][TFSA]2, are hygroscopic, and their crystals decompose due to moisture 

consumption when exposed to air for longer times. Long exposure of all these salts to air or 

any other source of moisture led to the formation of [Mg(H2O)6][TFSA]2(H2O)2 as the final 

product, suggesting that water displaces any other ligand. Both adducts containing ethanol are 

temperature-sensitive and readily melt when heated above room temperature. 

 Mg[TFSA]2 sublimes at elevated temperatures under a static vacuum, giving needle 

crystals suitable for single-crystal X-ray diffraction. The presence of trace amounts of water 

in the ampoule used for sublimation led to the formation of thin plate-like 

[Mg(H2O)2][TFSA]2. The octahydrate, [Mg(H2O)6][TFSA]2(H2O)2, was found to be unstable 

under dry conditions at room temperature. Single crystals of this salt lose water in a stream of 

dry nitrogen at 25 °C, affording a powder. Powder X-ray diffraction analysis of the 

decomposition product of this hydrate gave a different diffraction pattern to that simulated for 

the dihydrate, [Mg(H2O)2][TFSA]2. 
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Crystal structures  

Crystallographic data and refinement results for the present crystal structures are provided in 

Table 1. Geometrical parameters related to the Mg
2+

 coordination environment and the 

TFSA
−
 anions are summarized in Tables 2 and 3, respectively (see Tables S1−S11 in the 

Supporting Information for further details). 

TFSA
−
 anion geometry  

There are two enantiomers of trans-conformers observed in crystal structures, which differ in 

the sign of the C−S−N−S torsion angles. The two C−S−N−S angles in the cis conformer 

always have similar absolute values with opposite signs, whereas those in trans conformers 

always have the same sign. When both C1−S1−N1−S2 and S1−N1−S2−C2 torsion angles 

have negative values, the conformer might be denoted as N-trans; it is denoted as P-trans 

when both are positive (all TFSA
– 

anion conformers and the numbering scheme used herein 

are shown in Figure S1). These two conformers are enantiomers. Henderson et al. observed 

disordered P-trans and N-trans conformers in the asymmetric units of [Et4N][TFSA] (Et = 

ethyl) 
[18]

 and [pyr12][TFSA] 
[19]

 (pyr12 = N-ethyl-N-methylpyrrolidinium).  

Rotation around the S–N bond provides mechanical flexibility, which has a plasticizing effect 

on the polymer electrolytes, making the system more conductive.
[11]

 At the same time, the 

possibility of CF3 group rotation around the S−C bond results in rotational isomers. The 

diversity of TFSA
– 

geometries in different compounds makes them interesting subjects for 

structural investigations. Moreover, TFSA
−
 conformations in ionic liquids provide valuable 

information about their structure and properties.
[2g, 2i, 20]

 The following discussion of 

Mg[TFSA]2 and [Mg(L)n][TFSA]2 crystal structures allowed us to identify new rules guiding 

the conformation of TFSA
−
 in the solid state in this series of compounds. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Table 1. Crystal data and refinement results for Mg[TFSA]2 and [Mg(L)n][TFSA]2 (L = C2H5OOCCH3, C2H5OH and H2O). 

Compound Mg[TFSA]2 
[Mg(C2H5OOCCH3)2] 

[TFSA]2 
[Mg(H2O)2][TFSA]2 [Mg(C2H5OH)4][TFSA]2 [Mg(C2H5OH)6][TFSA]2 

[Mg(H2O)6][TFSA]2 

(H2O)2 

formula MgN2S4O8C4F12 MgN2S4O12C12F12H16 MgN2S4O10C12F12H4 MgN2S4O12C10F12H24 MgN2S4O14C14F12H36 MgN2S4O16C4F12H16 

fw  768.88 760.82 620.64 768.88 861.02 728.74 

T /K 173 113 113 113 113 113 

cryst. system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic 

space group C2/c C2 P21/n C2/c P21/n P21/n 

a / Å 19.481(2) 22.956(3) 18.5687(8) 14.9170(9) 9.0897(12) 12.6725(3) 

b / Å 9.2358(11) 7.2425(9) 7.2547(4) 12.4584(9) 12.4471(16) 14.3964(3) 

c / Å 9.6085(9) 19.870(3) 11.3048(6) 16.3409(11) 16.7166(17) 14.6487(4) 

β / deg 96.118(3) 124.431(5) 38.419(2) 103.020(2) 92.756(3) 107.4210(10) 

V/ Å3 1719.0(3) 2724.8(6) 946.33(9) 2958.8(3) 1889.1(4) 2549.90(11) 

Z 4 4 2 4 2 4 

ρcalc / g cm–3 1.726 1.855 2.178 1.726 1.514 1.898 

μ / mm–1 0.76 0.51 0.70 0.47 0.38 0.55 

F(000) 1144 1528 612 1560 884 1464 

θ range, ° 3.2-27.5 3.0-27.5 3.3-27.5 3.1-27.5 3.1-24.3 3.2-27.5 

reflns. collect 8139 6725 8888 14024 13143 24455 

reflns. indep. 1957 4695 2175 3370 3042 5812 

reflns (I>2σ) 1183 4345 1989 3017 2523 5424 

R1
a 0.053 0.037 0.033 0.050 0.055 0.025 

wR2
b 0.153 0.130 0.085 0.121 0.150 0.069 

GoF on F2 1.04 1.11 1.06 1.07 1.04 0.92 

cryst. size/ mm3 0.15 x 0.30 x 0.35 0.50 × 0.25 × 0.20 0.30 × 0.20 × 0.10 0.50 x 0.30 x 0.30 0.60 × 0.40 × 0.40 0.50 x 0.40 x 0.40 

CCDC 1486816 1486819 1486815 1486817 1486818 1486820 
aR1 = Σ||Fo| – |Fc|| / Σ||Fo| 
bR2 = [Σw(Fo

2 – Fc
2)2 / Σw(Fo

2)2]1/2 
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Mg[TFSA]2 

Utilizing sublimation as a convenient technique for the purification of metal TFSA
−
 salts was 

first reported by Earle et al.
[6, 21]

 In the present work, Mg[TFSA]2 was sublimed under static 

vacuum in a sealed ampoule. Heating at 300 °C for 20 h resulted in the formation of high-

quality colorless needles. The Mg[TFSA]2 crystals were extremely sensitive to moisture and 

the presence of any σ-donor ligands. Prolonged exposure to a dry air atmosphere (water 

content <10 ppm) led to Mg[TFSA]2 crystal cleavage due to moisture uptake.  

The asymmetric unit determined at –160 °C contained a pair of Mg
2+

 and TFSA
–
 ions, 

(Figure 1; some atom labels are omitted for clarity). The peculiar disorder of the anion was 

unique to this structure. The part marked "a" corresponds to the trans conformation, and "b" 

the cis conformation. To our knowledge, this is the first example of a compound containing 

both conformers of TFSA
–
 in a disordered manner, sharing the same position in the crystal 

lattice. The mode of disorder could be best described as follows. The CF3SO2N group of the 

anion, containing C1 and S1 atoms, is fixed, with the remaining SO2CF3 group, containing S2 

and C2 atoms, adopting two positions that differ in the relative position of CF3 with respect to 

the plane of Mg1, S1, and N1 atoms. The fractions of trans and cis were determined to be 

82% and 18%, respectively, from the crystallographic data and were essentially unchanged in 

all crystals examined, despite being picked from different batches. This ratio was also 

unaffected by temperature; crystals recorded at −120 °C and −10 °C had a constant ratio of 

trans to cis conformers, with a deviation of ±1%.  

The Mg
2+

 ion had an octahedral environment and formed bonds with four TFSA
–
 anions. 

Each anion contacted two Mg
2+

 ions, as shown in Figure 2 (some parts of the TFSA
–
 anions 

are omitted for clarity). It should be noted that O4 (O4a ad O4b), which occupied different 

positions in the cis and trans conformers, did not participate in the formation of Mg···O 
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interactions. This might have caused the conformational freedom in this structure. The 

Mg···O distances for two bonds formed with the same anion were 2.072(3) Å and 2.046(11) 

Å (Mg···O2 and Mg···O3a, respectively) for the trans conformer and 2.072(3) Å and 1.97(6) 

Å (Mg···O2 and Mg···O3b, respectively) for the cis conformer. The Mg···O1 bond was 

slightly longer than the others and had a value of 2.090(3) Å. The O···Mg···O angles 

deviated 90° from the ideal octahedron and, of particular note, the O3b···Mg1···O2 had a 

value of 83.5(18)°. All bond lengths and angles for the Mg
2+

 coordination environment are 

listed in Table 2.  

 

Figure 1. The asymmetric unit of the Mg[TFSA]2 crystal structure determined at −160 °C. 

Thermal ellipsoids are drawn at the 30% probability level. 
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Figure 2. The octahedral surrounding of Mg
2+

 in Mg[TFSA]2. The cis-conformer is omitted 

for clarity. Thermal ellipsoids are drawn at the 30% probability level (symmetry codes: (i) 1–

x; y; 1/2–z; (ii) 1–x, –y, 1–z; (iii) x, –y, –1/2; (iv) 1–x, –y, –z).  
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Table 2. Geometrical parameters of Mg···O interactions (Å, °) in Mg[TFSA]2 and its adducts containing C2H5OOCCH3, C2H5OH, and 

H2O. 

 
Mg(TFSA)2 

Mg1∙∙∙∙O3bi 1.97 (6) Mg1—O1ii 2.090 (3) O3ai—Mg1—O2 174.99 (18) O2—Mg1—O2i 95.27 (16) O2i—Mg1—O1ii 88.72 (11) O2i—Mg1—O1iii 87.85 (11) 

Mg1—O3b 1.97 (6) Mg1—O1iii 2.090 (3) O3a—Mg1—O2 86.8 (3) O3bi—Mg1—O1ii 96.8 (16) O3bi—Mg1—O1iii 86.6 (15) O1ii—Mg1—O1iii 174.90 (19) 

Mg1—O3ai 2.046 (11) O3bi—Mg1—O3b 98 (3) O3bi—Mg1—O2i 83.5 (18) O3b—Mg1—O1ii 86.6 (15) O3b—Mg1—O1iii 96.8 (16)   

Mg1—O3a 2.046 (11) O3ai—Mg1—O3a 91.4 (6) O3b—Mg1—O2i 175.2 (13) O3ai—Mg1—O1ii 87.7 (2) O3ai—Mg1—O1iii 95.9 (2)   

Mg1—O2 2.072 (3) O3bi—Mg1—O2 175.2 (13) O3ai—Mg1—O2i 86.8 (3) O3a—Mg1—O1ii 95.9 (2) O3a—Mg1—O1iii 87.7 (2)   

Mg1—O2i 2.072 (3) O3b—Mg1—O2 83.5 (18) O3a—Mg1—O2i 174.99 (18) O2—Mg1—O1ii 87.85 (11) O2—Mg1—O1iii 88.72 (11)   

Symmetry codes: (i) −x+1, y, −z+1/2; (ii) −x+1, −y, −z+1; (iii) x, −y, z−1/2. 

[Mg(C2H5OOCCH3)2][TFSA]2 
Mg1—O16i 2.011 (3) Mg2—O7iv 2.081 (3) O16i—Mg1—O16 173.6 (2) O16i—Mg1—O2i 88.88 (11) O3ii—Mg1—O2 175.92 (12) O26—Mg2—O6vi 89.60 (14) 

Mg1—O16 2.011 (3) Mg2—O26iv 1.979 (3) O16i—Mg1—O3ii 90.42 (11) O16—Mg1—O2i 86.76 (11) O3iii—Mg1—O2 88.89 (10) O26iv—Mg2—O6vi 94.02 (14) 

Mg1—O3ii 2.068 (3) Mg2—O6v 2.069 (3) O16—Mg1—O3ii 94.17 (11) O3ii—Mg1—O2i 88.89 (10) O2i—Mg1—O2 93.99 (17) O6v—Mg2—O6vi 88.28 (18) 

Mg1—O3iii 2.068 (3) Mg2—O6vi 2.069 (3) O16i—Mg1—O3iii 94.17 (11) O3iii—Mg1—O2i 175.92 (12) O26—Mg2—O26iv 175.0 (3) O26—Mg2—O7 89.65 (14) 

Mg1—O2i 2.075 (3) Mg2—O7 2.081 (3) O16—Mg1—O3iii 90.42 (11) O16i—Mg1—O2 86.76 (11) O26—Mg2—O6v 94.02 (14) O26iv—Mg2—O7 86.92 (14) 

Mg1—O2 2.075 (3) O6v—Mg2—O7iv 88.89 (12) O3ii—Mg1—O3iii 88.38 (16) O16—Mg1—O2 88.88 (11) O26iv—Mg2—O6v 89.60 (14) O6v—Mg2—O7 175.36 (13) 

Mg2—O26 1.979 (3) O6vi—Mg2—O7iv 175.36 (13) O6vi—Mg2—O7 88.89 (12) O26—Mg2—O7iv 86.92 (13) O26iv—Mg2—O7iv 89.65 (14) O7—Mg2—O7iv 94.15 (19) 

Symmetry codes: (i) −x+2, y, −z+1; (ii) −x+2, y−1, −z+1; (iii) x, y−1, z; (iv) −x+2, y, −z+2; (v) −x+2, y+1, −z+2; (vi) x,y+1, z. 

[Mg(H2O)2][TFSA]2 
Mg1—O5i 2.0232 (13) Mg1—O2iii 2.0802 (12) O5i—Mg1—O5 180.0 O5i—Mg1—O3 92.53 (5) O5i—Mg1—O2ii 90.27 (5) O3—Mg1—O2ii 87.80 (5) 

Mg1—O5 2.0232 (13) Mg1—O3 2.0630 (12) O5i—Mg1—O3i 87.47 (5) O5—Mg1—O3 87.47 (5) O5—Mg1—O2ii 89.73 (5)   

Mg1—O3i 2.0630 (12) O5i—Mg1—O2iii 89.73 (5) O5—Mg1—O3i 92.53 (5) O3i—Mg1—O3 180.0 O3i—Mg1—O2ii 92.20 (5)   

Mg1—O2ii 2.0802 (12) O5—Mg1—O2iii 90.27 (5) O3i—Mg1—O2iii 87.80 (5) O3—Mg1—O2iii 92.20 (5) O2ii—Mg1—O2iii 180.0   

Symmetry codes: (i) −x−1, −y+1, −z+3; (ii) −x−1, −y, −z+3; (iii) x, y+1, z. 

 

[Mg(C2H5OH)4][TFSA]2 
Mg1—O5 2.042 (2) Mg1—O4 2.073 (2) O5—Mg1—O5i 175.52 (15) O5—Mg1—O6 94.61 (9) O5—Mg1—O4 91.44 (9) O6—Mg1—O4 173.95 (9) 

Mg1—O5i 2.042 (2) Mg1—O4i 2.073 (2) O5—Mg1—O6i 88.51 (9) O5i—Mg1—O6 88.51 (9) O5i—Mg1—O4 85.44 (9)   

Mg1—O6i 2.046 (2) O5—Mg1—O4i 85.44 (9) O5i—Mg1—O6i 94.61 (9) O6i—Mg1—O6 91.78 (15) O6i—Mg1—O4 88.57 (9)   

Mg1—O6 2.046 (2) O5i—Mg1—O4i 91.44 (9) O6i—Mg1—O4i 173.95 (9) O6—Mg1—O4i 88.57 (9) O4—Mg1—O4i 91.72 (13)   

Symmetry code: (i) −x, y, −z+1/2. 

[Mg(C2H5OH)6][TFSA]2 
Mg1—O11 2.045 (2) Mg1—O14i 2.064 (2) O11—Mg1—O11i 180.00 (7) O11—Mg1—O17 92.57 (10) O11—Mg1—O14i 87.16 (11) O17—Mg1—O14i 86.47 (11) 

Mg1—O11i 2.045 (2) Mg1—O14 2.064 (2) O11—Mg1—O17i 87.43 (10) O11i—Mg1—O17 87.43 (10) O11i—Mg1—O14i 92.84 (11)   

Mg1—O17i 2.061 (2) O11—Mg1—O14 92.84 (11) O11i—Mg1—O17i 92.57 (10) O17i—Mg1—O17 180.00 (8) O17i—Mg1—O14i 93.53 (11)   

Mg1—O17 2.061 (2) O11i—Mg1—O14 87.16 (11) O17i—Mg1—O14 86.47 (11) O17—Mg1—O14 93.53 (11) O14i—Mg1—O14 180.00 (11)   

Symmetry codes: (i) −x+1, −y+1, −z+1. 

[Mg(H2O)6][TFSA]2(H2O)2 
Mg1—O4 2.0410 (10) Mg1—O2 2.0598 (10) O4—Mg1—O5 90.18 (4) O4—Mg1—O3 86.98 (4) O4—Mg1—O2 178.19 (4) O3—Mg1—O2 91.26 (4) 

Mg1—O5 2.0428 (10) Mg1—O1 2.0642 (10) O4—Mg1—O6 91.37 (4) O5—Mg1—O3 91.45 (4) O5—Mg1—O2 89.44 (4)   

Mg1—O6 2.0554 (10) O4—Mg1—O1 90.90 (4) O5—Mg1—O6 178.33 (4) O6—Mg1—O3 89.26 (4) O6—Mg1—O2 89.03 (4)   

Mg1—O3 2.0563 (10) O5—Mg1—O1 87.35 (4) O6—Mg1—O1 92.00 (4) O3—Mg1—O1 177.56 (4) O2—Mg1—O1 90.85 (4)   
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The C−S···S−C torsion angle in TFSA
−
, which has been used frequently for the discussion of 

TFSA
−
 geometries,

[20a]
 had values of −134.2(3)° (C1−S1···S2a−C2a) in the trans conformer 

and −3.8(7)° (C1−S1···S2b−C2b) in the cis conformer. The geometry was significantly 

distorted from that of the stationary point obtained in a previous computational study, which 

predicted the torsion angle to be approximately 170° for trans and 30−70° for cis 

conformers.
[20a]

 Presumably, this difference was caused by interaction with the small Mg
2+

 

and repulsion between neighboring anions.  

The packing for Mg[TFSA]2 is shown in Figure 3; the cis conformers of the anion are omitted 

for clarity. The packing diagram for Mg[TFSA]2 containing only cis conformers of TFSA
−
 is 

shown in Figure S2. The lattice consists of 1D chains oriented along the crystallographic c 

axis and organized in 2D layers. Formation of the layered structure containing fluorous apolar 

domains has been commonly observed in alkali and alkali earth metal TFSA
−
 salts 

[4b, 9, 13, 22]
 

as well as in trifluoromethylsulfonates and fluorosulfates. 
[23]
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Figure 3. Packing diagram for Mg[TFSA]2 along the c axis. Thermal ellipsoids are given at 

the 30% probability level. Disordered part containing cis conformers of TFSA
−
 is omitted for 

clarity. 

 

The powder XRD patterns of dry Mg[TFSA]2 powder at three different temperatures, 25, 145, 

and 180 °C, resembled each other and were in good agreement with the simulated pattern of 

the present Mg[TFSA]2 structure at –160 °C, suggesting that no significant phase transition 

occurred in Mg[TFSA]2 within this temperature range (see Figure S3). It should be noted that 

a wet Mg[TFSA]2 sample produced endothermic peaks during the heating scan in DSC that 
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originated from the hydrates (see Figure S4). The DSC patterns of the same sample kept 

under dynamic vacuum at 200 °C for 5 h and 15 h appeared to be completely different, with 

the most intense endothermic peaks disappearing from the sample dried for longer. 

Presumably, the peaks at around 100 °C were due to the residual hydrates. These peaks could 

be erroneously considered as those for phase transitions of Mg[TFSA]2.  
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Table 3. Geometrical parameters (Å,°) of TFSA
–

 anions in Mg[TFSA]2, [Mg(C2H5OOCCH3)2][TFSA], [Mg(H2O)2][TFSA]2, 

[Mg(C2H5OH)4][TFSA]2, [Mg(C2H5OH)6][TFSA]2, [Mg(H2O)6][TFSA]2(H2O)2, and related compounds 
[a]

 

Compound, anion conformation C1−S1 S1−N1 N1−S2 S2−C2 C1−S1−N1−S2 S1−N1−S2−C2 C1−S1···S2−C2 Source 

Mg[TFSA]2, trans 1.833(5) 1.546(3) 1.629(4) 1.817(6) 150.4(3) 88.2(3) -134.2(3) T* 

Mg[TFSA]2, cis 1.833(5) 1.546(3) 1.478(7) 2.01(5) 128.9(5) –125.4(6) –3.8(7) T* 

[Mg(C2H5OOCCH3)2][TFSA]2, cis 
1.842(4) 

1.832(4) 

1.569(3) 

1.562(4) 

1.554(3) 

1.561(4) 

1.853(4) 

1.829(5) 

112.5(3) 

105.0(3) 

–113.1(3) 

–109.1(3) 

–0.5(3) 

–4.1(3) 
T* 

[Mg(H2O)2][TFSA]2, cis 1.8411(19) 1.5671(14) 1.5559(14) 1.8370(19) –115.02(13) 109.51(13) 4.92(10) T* 

[Mg(C2H5OH)4][TFSA]2, trans
 

1.832(3) 1.576(2) 1.567(2) 1.823(3) –102.5(2) –98.7(2) –173.15(16) T* 

[Mg(C2H5OH)6][TFSA]2, trans 1.812(5) 1.570(3) 1.563(3) 1.835(4) –103.5(3) –90.6(3) 179.8(3) T* 

[Mg(H2O)6][TFSA]2(H2O)2, trans 
1.8325(15) 

1.8404(14) 

1.5780(11) 

1.5840(11) 

1.5878(11) 

1.5857(11) 

1.8378(14) 

1.8338(16) 

91.94(9) 

87.63(9) 

92.66(9) 

100.43(10) 

171.75(7) 

174.62(7) 
T* 

Li[TFSA], trans 1.901 1.557 1.557 1.901 –92.7 –92.7 –171.71 Ref 
[4b]

 

Zn[TFSA]2, trans 1.835 1.567 1.531 1.833 101.7 138.9 133.29 Ref 
[6]

 

[Rb(dioxane)2][TFSA], trans 1.814 1.550 1.563 1.803 113.7 110.9 147.24 Ref 
[14]

 

[Rb(H2O)][TFSA], trans 1.834 1.576 1.572 1.831 98.3 86.8 172.65 Ref 
[13]

 

[Mg(CH3CN)6][TFSA]2, trans 1.8266 1.5809 1.5702 1.8294 109.27 94.10 169.32 Ref 
[2n]

 

[a]  
See Figure S1 in the Supporting Information for atom numbering scheme; T* = this work.  
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[Mg(C2H5OOCCH3)2][TFSA]2 and [Mg(H2O)2][TFSA]2 

[Mg(C2H5OOCCH3)2][TFSA]2 salt was prepared from an ethyl acetate solution of 

Mg[TFSA]2. The system was extremely sensitive to moisture, and using magnesium salt or 

solvent with trace amounts of water made crystallization impossible due to the formation of 

hydrates. [Mg(H2O)2][TFSA]2 salt was obtained by coordination with trace water during an 

attempt to prepare pure Mg[TFSA]2 crystals from dichloromethane in an autoclave.  

These two compounds had similar structures, rendering 1D chains in which two Mg
2+

 cations 

were double-bridged by two TFSA
−
 anions, with the four equatorial positions of the 

octahedron coordinated to O atoms from different TFSA
−
 anions, as shown in Figure 4. 

Ligand oxygen atoms were located in the two axial positions of the octahedron in trans, out 

of the planes involving Mg
2+

 cations and the O atoms in the TFSA
−
 anions. The asymmetric 

unit of [Mg(C2H5OOCCH3)2][TFSA]2 contained two crystallographically independent Mg
2+

 

(Mg1 and Mg2) ions, belonging to two different chains, two TFSA
−
 anions, and two ethyl 

acetate molecules (see Figure S5); the chains in the lattice contain exclusively Mg1 or Mg2. 

Although both ethyl acetate molecules are disordered (see Figure S6 for a clear 

representation), reflecting their positional freedom in the crystal lattice, the carbonyl O atoms 

interacting with Mg
2+

 (O16 and O26) were fixed and ordered.  

The Mg···O distances for TFSA
–
 were comparable in both compounds, and fell into the range 

of 2.068(3)–2.081(3) Å for [Mg(C2H5OOCCH3)2][TFSA]2, and 2.0630(12)–2.0802(12) Å for 

[Mg(H2O)2][TFSA]2. The Mg···O distances for the water or ethyl acetate molecules were 

shorter than those for the TFSA
–
 anions (see Tables 2 and S2) and in 

[Mg(C2H5OOCCH3)2][TFSA]2 they have values of 1.979(3) and 2.011(3) Å for Mg1···O16 

and Mg2···O26 (Mg2 and O26 belong to another chain in the asymmetric unit), respectively, 

and were slightly longer than that previously reported, 2.053(4) Å in 
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[Mg(C2H5OOCCH3)6][AlCl4]2.
[24]

 In [Mg(H2O)2][TFSA]2, the Mg1···O5 distance was 

2.0232(13) Å. The cis O···Mg···O angles in the chain fell within the range 88.38(16)° 

(O3
ii
···Mg2···O3

iii
)−93.99(17)° (O2

i
···Mg1···O2) in [Mg(C2H5OOCCH3)2][TFSA]2, and had 

a value of 92.20(5)° (O3···Mg1···O2
iii

) in [Mg(H2O)2][TFSA]2. The TFSA
–
 anions in both 

structures adopted cis conformations, as is common for strongly-bonded bidentate anions.
[9]

. 

The packing diagrams for both compounds are shown in Figure 5. Hydrogen atoms in the 

[Mg(C2H5OOCCH3)2][TFSA]2 structure are omitted for clarity. In both cases, 1D chains are 

oriented along the crystallographic b axis. The CF3 groups form apolar columns in 

[Mg(C2H5OOCCH3)2][TFSA]2 and apolar layers in [Mg(H2O)2][TFSA]2. The packing mode 

of [Mg(H2O)2][TFSA]2 could be described as 2D layers composed of 1D chains.  

It is important to note that D–H···A (D, donor; H, hydrogen; A, acceptor) interactions below 

the van der Waals radii were only present in [Mg(C2H5OOCCH3)2][TFSA]2 inside the chains, 

with no D−H···A contacts between neighboring chains. This observation allowed us to 

conclude that the 1D chains were interconnected exclusively by hydrophobic interactions, 

similar to chains in the previously reported Zn[TFSA]2
[6]

 structure or the Mg[TFSA]2 

structure in the present work. There were only two D–H···A contacts in the 

[Mg(C2H5OOCCH3)2][TFSA]2 structure, C11a−H11d···O1 and C21a−H21c···O8 (or 

C11b−H11a···O1 and C21b–H21f···O8 for another chain), between the unbound O atom of 

TFSA
–
 and methyl group of ethyl acetate (see Table S4). Presumably, the absence of strong 

D−H···A interactions contributed to the disorder of ethyl acetate molecules. There are three 

contacts between hydrogen atoms and unbound O atoms of TFSA
–
 in the 

[Mg(H2O)2][TFSA]2 structure (see Table S5 and Figure S7). O5–H2∙∙∙O4
iii

 contact occurred 

with oxygen from the anion in the same chain, while O5–H2∙∙∙O1
ii
 and O5–H1∙∙∙O4

i
 occurred 

between two neighboring chains. 
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Figure 4. 1D chains in the structures of (a) [Mg(C2H5OOCCH3)2][TFSA]2 (ethylacetate 

disorder is omitted for clarity) and (b) [Mg(H2O)2][TFSA]2. Thermal ellipsoids are given at 

the 30% probability level. Hydrogen atoms in the ethyl acetate ligands are omitted for clarity 

(symmetry codes for (a): (i) –x, y, –z, (ii) x, y–1, z (iii) –x, y–1, –z (iv) x, 1+y, z; symmetry 
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codes for (b): (i) −1−x, −y+1, −z+3; (ii) −1−x, −y, −z+3; (iii) x, y+1, z; (iv) x, y−1, z (v) −1−x, 

2−y, −z+3). 
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Figure 5. Packing diagrams for (a) [Mg(C2H5OOCCH3)2][TFSA]2 and (b) 

[Mg(H2O)2][TFSA]2. Thermal ellipsoids are given at the 30% probability level. 

 

[Mg(C2H5OH)4][TFSA]2 

Although the first discovery of [Mg(C2H5OH)4][TFSA]2 formation was serendipitous, it was 

repeatedly prepared using the technique described in the experimental section. The compound 

appeared to have a melting point slightly above room temperature and crystals had to be 

manipulated in a cold place.  

The coordination environment of Mg
2+

 in [Mg(C2H5OH)4][TFSA]2 is shown in Figure 6. The 

Mg
2+

 ion has an octahedral structure surrounded by six O atoms from four ethanol molecules 

and two TFSA
–
 anions, with the anions situated in cis positions in the octahedral arrangement 

of O atoms around Mg atoms. The Mg∙∙∙O bond lengths for the ethanol molecules (2.042(2) 

and 2.046(2) Å) were slightly shorter than those with TFSA
− 

(2.073(2) Å). The 

O4···Mg1···O42
i
 angle formed with oxygen atoms from two TFSA

−
 ligand anions was 

91.72(13), whereas the O···Mg1···O angles formed with oxygen atoms from two ethanol 

ligands in cis positions in the Mg
2+

 coordination octahedra varied from 85.44(9)° for 

O5
i
···Mg1···O4 to 94.61(9)° for O5···Mg1···O6 (see Table S6 for more details). 

One of the most intriguing and unusual features of this structure was the trans conformation 

of the TFSA
–
 anion when bound to the metal core (see Table 3 for details). Each TFSA

–
 

anion was connected to only one Mg
2+

 through an Mg···O bond. In all previously known 

compounds, TFSA
–
 anions were connected to at least two (in Zn[TFSA]2

[6]
) and up to five (in 

Rb[TFSA]∙H2O
[13]

) different metal cores, with no examples of trans TFSA
–
 bound to one 

metal core. It is noteworthy that the bis(methylsulfonyl)amide anion (MSA
–
, (CH3SO2)2N

–
), 

which has a molecular structure similar to TFSA
−
, has adopted a trans conformation in 
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several tetrahydrates, [M(H2O)4][MSA]2 (M = Mg, Ni, Cu, and Zn), although it is bonded to 

the metal core.
[25]

 To our knowledge, there are no known analogous tetrahydrates with 

TFSA
−

 anions. The coordination structure around Mg
2+

 in [Mg(C2H5OH)4][TFSA]2 was 

similar to that of [Mg(H2O)4][MSA]2.
[25]

 

The packing diagram for [Mg(C2H5OH)4][TFSA]2 is shown in Figure 7. These 

[Mg(C2H5OH)4][TFSA]2 units were interconnected to a 3D structure only by D–H∙∙∙A 

interactions (see Table S7 and Figure S8 for details). It should be noted that the O∙∙∙H 

distances of O6–H6o∙∙∙O2 and O5–H5o∙∙∙O1 were 2.07 Å and 2.01 Å, respectively, which is 

significantly shorter than the sum of van der Waals radii of oxygen and hydrogen atoms (2.72 

Å 
[26]

).  

 

Figure 6. Coordination environment of Mg
2+

 in [Mg(C2H5OH)4][TFSA]2. Thermal ellipsoids 

are given at the 50% probability level (symmetry operations: (i) –x, y, ½–z ). 
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Figure 7. Packing diagram for [Mg(C2H5OH)4][TFSA]2. Thermal ellipsoids are given at the 

30% probability level.  
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[Mg(C2H5OH)6][TFSA]2 and [Mg(H2O)6][TFSA]2(H2O)2 

Contrary to the experiment with chloroform containing a trace amount of ethanol, 

recrystallization from ethanol solution led to formation of the adduct form with six ethanol 

molecules bound to Mg
2+

, [Mg(C2H5OH)6][TFSA]2. The structure of another salt containing 

eight water molecules, [Mg(H2O)6][TFSA]2(H2O)2, has already been reported,
[9, 17]

 and was 

repeatedly formed during longer exposure of the Mg[TFSA]2 coordination compounds to air 

due to moisture uptake. [Mg(H2O)6][TFSA]2(H2O)2 was found to be unstable in a dry stream 

of nitrogen at room temperature, and lost water molecules to become powdery. Diffraction 

data was recorded at 113 K and the cell parameters were slightly different to those 

determined at 295 K in a previous report (see Table 1).
[9]

 

Figure 8 shows the molecular structures of [Mg(C2H5OH)6][TFSA]2 (disorder of ethanol 

molecules is omitted for clarity; for the disordered part see Figure S9) and 

[Mg(H2O)6][TFSA]2(H2O)2. In both these compounds, Mg
2+

 was homoleptically coordinated 

to six ligands, giving rise to octahedral Mg(C2H5OH)6
2+ 

and Mg(H2O)6
2+

 units. The 

asymmetric unit of the salt with ethanol, [Mg(C2H5OH)6][TFSA]2, contained Mg
2+

, three 

ethanol molecules, and one TFSA
−
. All three crystallographically independent ethanol units 

were disordered. The asymmetric unit of [Mg(H2O)6][TFSA]2(H2O)2 involved the octahedral 

Mg(H2O)6
2+

 unit, two TFSA
−
 anions, and two non-coordinating water molecules. 

The first homoleptic Mg(C2H5OH)6
2+

 unit was determined by Valle and co-workers in the 

structure of [Mg(C2H5OH)6]Cl2.
[27]

 The Mg∙∙∙O distances determined in 

[Mg(C2H5OH)6][TFSA]2 ranged from 2.045(2) to 2.063(2) Å and were close to 2.069(3) Å in 

[Mg(C2H5OH)6]Cl2.
[27]

 The O∙∙∙Mg∙∙∙O angles formed between two oxygen atoms from two 

ethanol molecules in cis-positions varied from 86.47(11)° for O17
i
∙∙∙Mg1∙∙∙O14 to 93.53(11)° 
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for O17∙∙∙Mg1∙∙∙O14, whereas those in trans-positions were 180° with the symmetrical 

restriction.  

The Mg···O distances in [Mg(H2O)6][TFSA]2(H2O)2 ranged from 2.0410(10) Å (Mg1···O4) 

to 2.0642(10) Å (Mg1···O1), with the octahedron slightly distorted from the ideal shape. The 

O···Mg···O angles in cis positions varied from 86.98(4)° for O4···Mg1···O3 to 91.37(4)° for 

O4···Mg1···O6, whereas those in trans positions were between 178.33(4)° (O5···Mg1···O6) 

and 177.56(4)° (O3···Mg1···O1) (see Tables S8 and S9 for details of other bond lengths and 

angles in [Mg(C2H5OH)6][TFSA]2 and [Mg(H2O)6][TFSA]2(H2O)2). TFSA
–
 anions in both 

structures adopt trans conformations, which is common for weakly-bonded anions
[9]

 (see 

Table 3 for details). The packing diagrams for both compounds are shown in Figure 9 (see 

Tables S10 and S11 for the D−H∙∙∙A interactions in [Mg(C2H5OH)6][TFSA]2 and 

[Mg(H2O)6][TFSA]2(H2O)2, respectively). It should be noted that no D–H∙∙∙A interactions 

were below the van der Waals radii observed with F atoms.  
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Figure 8. Molecular structures of (a) [Mg(C2H5OH)6][TFSA]2 (disordered part is omitted for 

clarity) and (b) [Mg(H2O)6][TFSA]2(H2O)2. Thermal ellipsoids are given at (a) the 30% and 

(b) 50% probability levels (symmetry codes for (a): (i) –x, –y, –z, (ii) –x+½, y+½, –z+½).  
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Figure 9. Packing diagrams for (a) [Mg(C2H5OH)6][TFSA]2 and (b) 

[Mg(H2O)6][TFSA]2(H2O)2. Thermal ellipsoids are given at the 30% probability level. 

Hydrogen atoms and a disordered part of [Mg(C2H5OH)6][TFSA]2 are omitted for clarity. 
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Stepwise structural changes of Mg
2+

 and conformational changes of TFSA
−
 during 

ligand attachment  

There seem to be three main aspects determining the structural modalities of Mg[TFSA]2 

coordination compounds based on previous studies and the present work. Firstly, all 

structures contain hydrophobic domains made from CF3 groups of the TFSA
−
 anions and 

ligand alkyl groups. Secondly, Mg
2+

 readily coordinates to any σ-donor ligand (containing O 

or N)
[2n]

 and an increase in ligands doubtless leads to the exclusion of TFSA
− 

anions from the 

coordination sphere of Mg
2+

. Finally, the solvation of Mg[TFSA]2 appears to occur in a 

stepwise manner, where each step involves coordination of two ligands to the Mg
2+

 core (see 

below for details). To our knowledge, there is no example of an odd number of ligands 

connected to an Mg
2+

 core in a crystal lattice.  

The coordination structures resemble each other in salts containing the same number of 

ligand molecules if the ligands have comparable sizes. For instance, 

[Mg(C2H5OOCCH3)2][TFSA]2 and [Mg(H2O)2][TFSA]2 have similar 1D chains (…–(L)2–

Mg
2+

–(L)2–…). Although there is currently no experimental example of Mg
2+

 with four water 

molecules in a TFSA salt, a similar example was reported for [Mg(H2O)4][MSA]2,
[25]

 in 

which the MSA
− 

anion adopts a trans conformation, similarly to TFSA
− 

in 

[Mg(C2H5OH)4][TFSA]2. Analogously, Mg
2+

 has a homoleptic coordination sphere in 

[Mg(C2H5OH)6][TFSA]2, [Mg(CH3CN)6][TFSA]2,
[2n]

 and [Mg(H2O)6][TFSA]2(H2O)2.  

Although there is no complete set of [Mg(L)n][TFSA]2 (n = 0, 2, 4, and 6) with the same 

ligand, the stepwise structural changes in Mg
2+

 coordination with the formation of 

[Mg(L)n][TFSA]2 are proposed in Figure 10 by considering the known structures (one of the 

two disordered parts with the cis conformer in Mg[TFSA]2 is omitted for clarity).  

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 

Figure 10. A proposed scheme for the stepwise solvation of Mg
2+

 in Mg[TFSA]2 coordination 

compounds. Crossed lines are those most likely to break upon addition of ligand molecules to 

the Mg
2+

 core: (a) initial stage, pure Mg[TFSA]2 structure; (b) second stage, di-substituted 

compound structure, [Mg(L)2][TFSA]2; (c) third stage, tetra-substituted compound structure, 

[Mg(L)4][TFSA]2; and (d) final stage, homoleptic Mg(L)6
2+

 unit surrounded by TFSA
–
 anions. 

 

The TFSA
−
 anions in Mg[TFSA]2 are deformed by chelating to a small Mg

2+
 core via two 

different SO2 groups. At first, the ligand approaches the Mg center to split the chains in the 

structure of Mg[TFSA]2. One chelating Mg···O contact breaks first, creating space for a 

ligand, followed by a flipping of the ligand arrangement around Mg
2+

 (Figure 10 (a)). The 

resulting chain in [Mg(L)2][TFSA]2 has two ligands in trans positions and four bridging 

TFSA
−
 anions in the coordination sphere of Mg

2+
. During further breaking of this chain 
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(Figure 10 (b)), two more Mg
2+

∙∙∙TFSA
−
 contacts are substituted by two ligands, resulting in 

discrete [Mg(L)4][TFSA]2 units (Figure 10 (c)) that are interconnected only by C−H···O 

interactions. As the final step, the two residual contacts between the Mg
2+

 core and the anions 

break and two more ligands enter to give the final homoleptic octahedral complex, Mg(L)6
2+ 

(see Figure 10 (d)). The only step of solvation in which TFSA
− 

anions have a cis 

conformation is the chain containing two ligands bound to different Mg
2+

 cores, 

[Mg(L)2][TFSA]2 (without taking into consideration the disordered part in pure Mg[TFSA]2). 

The structural change suggested was consistent for all the crystal structures discussed in 

previous and the present work.
[2n, 14, 17]

 This suggested that the TFSA
− 

anion conformation in 

a coordination environment with monodentate ligands is determined by the number of ligands 

bound to the Mg
2+

 core. However, the structure might be different in the case of bulky 

ligands due to steric reasons. For instance, a ligand containing oxygen or nitrogen and a large 

apolar organic frame, such as polycyclic hydrocarbons, could displace TFSA
− 

anions from 

the coordination sphere of Mg
2+

. To our knowledge, there is no data on coordination 

compounds of Mg[TFSA]2 with such bulky ligands. 

 

Vibrational spectroscopy  

Vibrational modes of TFSA
−
 were first analyzed by Rey et al. using ab initio calculations for 

the trans conformer.
[2a]

 Later, normal coordinate analysis was also carried out for the cis 

conformer.
[20a]

 Raman spectroscopy can be used to reveal the coordination state of TFSA
−
 

anions at a metal core in the solid and liquid states, including ionic liquids.
[2n, 20b, 28]

 For 

instance, the most intensive band in the spectrum of M[TFSA]n (M = metal cation) relates to 

the combination of δs(CF3)+ʋs(SNS), and should appear at around 750 cm
−1

.
[2h, 2i, 20b, 28-29]

 The 

shift of this band to a higher frequency indicates a stronger interaction of TFSA
− 

with the 
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metal core and vice versa.
[20b, 30]

 In inorganic salts, TFSA
−
 is usually connected to the metal 

core via M∙∙∙O contact; the only example of the salt having M∙∙∙N interactions in the solid 

state is in Cs[TFSA].
[13, 31]

 The conformation of TFSA
−
 was also derived from Raman 

spectroscopy. According to literature sources, ω(SO2) (ω = wagging) band is used for the 

identification of TFSA
− 

conformation,
[2h, 20a, 29-30, 32]

 and is expected to appear at around 398 

and 407 cm
–1

 for trans and cis conformers, respectively, according to work on 

[C2C1im][TFSA] (C2C1im = 1-ethyl-3-methylimidazolium) ionic liquid.
[20a]

 Below, the 

Raman spectra of Mg[TFSA]2 single salt and its coordination compounds are described. The 

TFSA
−

 bands were of most interest, describing the bond strength with the Mg
2+

 core and 

anion conformations. Discussion of ligand vibrational bands is omitted due to low interest. 

The Raman spectra of Mg[TFSA]2, [Mg(C2H5OH)4][TFSA]2, [Mg(C2H5OH)6][TFSA]2, and 

[Mg(H2O)6][TFSA]2(H2O)2 are shown in Figure 11, and band assignments are listed in Table 

4. The Raman spectrum of ethanol, used to identify bands assigned to the ethanol ligand, is 

shown in Figure S10. All attempts to record the Raman spectra of [Mg(H2O)2][TFSA]2 and 

[Mg(C2H5OOCCH3)2][TFSA]2 failed due to high fluorescence. In our recent work,
[2n]

 we 

used the Raman spectrum of pure Mg[TFSA]2 powder to identify bands in the spectrum of 

Mg[TFSA]2−acetonitrile electrolytes. In the present work, we report the Raman spectrum 

recorded for a Mg[TFSA]2 single crystal grown by sublimation.  
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Figure 11. Raman spectra of (a) Mg[TFSA]2, (b) [Mg(C2H5OH)4][TFSA]2, (c) 

[Mg(C2H5OH)6][TFSA]2, and (d) [Mg(H2O)6][TFSA]2(H2O)2. 

 

Although no bands were observed above 1400 cm
−1

 for pure Mg[TFSA]2, the bands assigned 

to O−H stretching appeared at around 3500 cm
−1

, even after brief exposure to air, indicating 

the presence of water molecules in the structure (Figure S11). The spectrum was rather 

different from those of Mg[TFSA]2 and [Mg(H2O)6][TFSA]2(H2O)2 (discussed later, see 

Figure 11 and Table 4). 

 

The most intensive band in the spectrum of Mg[TFSA]2 was observed at 754 cm
−1

, which 

correlated with the spectrum recorded for powder in our previous work
[2n]

 and matched the 

frequency from Giffin et al.
[20c]

 The ω(SO2) bands corresponding to both cis and trans 
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conformers of TFSA
−
 in the disordered states (Figure 1) were observed at 374 and 424 cm

−1
, 

respectively. This work suggests that coordination environment results in a red shift of the 

ω(SO2) band for the trans conformer, and a blue shift for the cis conformer. This was 

consistent with the spectra of other compounds obtained in this work; for instance, TFSA
−
 

anions in [Mg(C2H5OH)6][TFSA]2 have trans conformation and corresponding band 

appeared at 416 cm
−1

 (see Table 4 for other ω(SO2)  band positions). 

TFSA
−
 anions in [Mg(C2H5OH)4][TFSA]2 adopted trans conformation and two ω(SO2) bands 

were observed at 418 and 405 cm
−1

. The band at 418 cm
−1

 was assigned to SO2 groups bound 

to the Mg
2+

 core, while the band at 405 cm
−1 

was assigned to “free” SO2 groups. The 

strongest bands from the TFSA
−

 anions, δ(CF3)+ʋs(SNS), were observed at 745 and 744 cm
−1

 

in the spectra of [Mg(C2H5OH)4][TFSA]2 and [Mg(C2H5OH)6][TFSA]2, respectively. The 

shift of this band from 754 cm
−1

 in pure Mg[TFSA]2 indicated that interactions between the 

anion and Mg
2+

 core in the ethanol coordination compounds were weaker than in pure 

Mg[TFSA]2. Surprisingly, this band appeared in a similar position in these spectra, despite 

the absence of direct Mg
2+

∙∙∙TFSA
−
 interaction in [Mg(C2H5OH)6][TFSA]2. This may be due 

to the contribution of C−H···O interactions between the ethanol ethyl group and O atoms in 

the anion. The ν(Mg···O) bands appeared at 278 cm
−1

 in the spectrum of 

[Mg(C2H5OH)4][TFSA]2. In a homoleptic octahedral complex, two bands, A1g and Eg, should 

be active in the Raman spectrum.
[2n]

 The lowering of symmetry in [Mg(C2H5OH)6][TFSA]2, 

leading to the presence of three crystallographically independent ethanol molecules, should 

result in more Raman-active bands. The only ν(Mg···O) band at 278 cm
–1

 with low intensity 

was observed in the spectrum of [Mg(C2H5OH)6][TFSA]2; presumably, other ν(Mg···O) 

bands were of too low intensity to be detected. 
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Table 4. Selected Raman frequencies, intensities, and assignments for Mg[TFSA]2, 

[Mg(C2H5OH)4][TFSA]2, [Mg(C2H5OH)6][TFSA]2, and [Mg(H2O)6][TFSA]2(H2O)2. 
[a]

 

 

[a]
 Frequencies assigned to the anion are given in cm

–1
. Intensities are scaled relative to the 

intensity of the δ(CF3)+ʋs(SNS) mode, which is assigned a value of 100. 
[1]

 Symbols denote 

the following: νa, asymmetric stretching; νs, symmetric stretching; δs, scissoring; ρ, rocking; 

ω, wagging; and τ, twisting. Assignments are based on previous reports.
[2a, 30]

 The symbol * 

denotes bands assigned to the ligands. 

Raman frequency / cm−1 Assignment[1] 

Mg[TFSA]2 [Mg(C2H5OH)4][TFSA]2 [Mg(C2H5OH)6][TFSA]2 [Mg(H2O)6][TFSA]2(H2O)2  
140(12) 119(26) 119(4) 119(22) 

deformation 

modes  

191(1) 169(9) 169(1)  

219(4) 215(4) 209(1)  

249(9) 227(4) 
 

 

282(6) 278(63) 278(7) 272(41) ν(Mg···O) 

319(20) 294(25) 295(8) 298(23) δ(FCS) 

 311(11) 315(6) 313(61) ρ(SO2) 

355(6) 335(10) 336(8) 341(62) τ(SO2) 

   393(35) ν(Mg···O) 

374(3) 405(3) 
 

 
ω(SO2) 

424(7) 418(2) 416(9) 410(17) 

 537(2) 
 

 
δa(CF3) 

581(6) 569(6) 559(5) 559(12) 

 
 

570(3)  - 

 593(3) 589(5) 593(9) δa(SO2) 

613(3) 
 

612(1)  - 

663(8) 633(5) 634(3)  δ(SNS) 

754(100) 745(100) 744(100) 750(100) δ(CF3)+ʋs(SNS) 

816(1) 800(2) 799(2)  ʋs(CF3) 

 880(22) 887(11)  * 

 1037(7) 1039(5)  * 

 1083(3) 1090(5)  * 

1120(3) 1143(16) 1139(23) 1133(39) 
ʋs(SO2) 

1159(9)    

 1197(2) 1195(1)  
ʋs(CF3) 

1225(13) 1218(4) 1205(2) 1223(9) 

1252(8) 1252(36) 1246(51) 1249(34) ʋs(SO2) 

1266(12) 1275(5) 1280(4)  δs(CF3) 

1292(3)    
 

 1333(3) 1322(12) 1343(16) * 

1357(3) 1354(5) 1354(6) 1384(5) ʋa(CF3) 

1367(4)    
ʋa(SO2) 

1380(3) 1389(4) 1420(3)  

 1459(10) 1462(10)  * 

 1486(3) 1489(3)  * 
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In the Raman spectrum of [Mg(H2O)6][TFSA]2(H2O)2 (Figure 11 (d)), the ω(SO2) band of 

TFSA
−
 appeared at 410 cm

–1
, which was close to the value reported for [C2C1im][TFSA] 

ionic liquid (407 cm
–1

).
[20a]

 The frequency of the δ(CF3)+ʋs(SNS) band of TFSA
−
 (750 cm

−1
) 

was higher than that observed for the ethanol adduct, but still lower than that of pure 

Mg[TFSA]2. This may be explained by the presence of strong OEt–H∙∙∙Oan interactions (OEt = 

O atom in ethanol molecule and Oan = O atom in TFSA
−
; e.g. H∙∙∙Oan distances are below 2 Å 

for O17–H17∙∙∙O1 and O11–H11∙∙∙O2; see Table S10), which causes a red shift and mimics 

the band shift in compounds with TFSA
−
 coordinated to a metal core. According to the work 

of Pye and Rudolph,
[33]

 the symmetric ν(Mg···O) (A1g) of Mg(H2O)6
2+

 units appears at 354–

356 cm
−1

 in water solutions of MgSO4 and Mg(ClO4)2 and could appear at lower frequencies 

in crystals due to the lattice influence. Since the crystal structure indicated that TFSA
−
 

adopted trans conformation in [Mg(H2O)6][TFSA]2(H2O)2, the band at 393 cm
−1

 was 

tentatively assigned to the Eg (ν(Mg···O)) mode of the Mg(H2O)6
2+ 

octahedral complex. The 

ω(SO2) band appeared at 410 cm
−1

, close to the same band of trans-TFSA
−
 in the spectra of 

Mg[TFSA]2 and its ethanol adduct. 

 

Conclusions 

In the present work, the coordination environments of Mg
2+

 in Mg[TFSA]2 and its 

adducts, [Mg(C2H5OOCCH3)2][TFSA]2, [Mg(H2O)2][TFSA]2, [Mg(C2H5OH)4][TFSA]2, 

[Mg(C2H5OH)6][TFSA]2, and [Mg(H2O)6][TFSA]2(H2O)2, were discussed based on their 

single-crystal X-ray diffraction data and Raman spectroscopy. Mg[TFSA]2 is the first 

example of a structure containing disordered cis and trans TFSA
−
 conformers. In all the 

compounds prepared, Mg
2+

 had octahedral surroundings consisting of O atoms either from 

ligands or TFSA
−
 anions. The new and previously known salts provide a stepwise change in 
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coordination environment, from Mg[TFSA]2 to the homoleptic [MgL6][TFSA]2 via the 

…−(L)2−Mg
2+

−(L)2−… double-bridging 1D chain and the isolated 

[TFSA
−
]−[Mg

2+
(L)4]−[TFSA

−
] unit. The scheme for stepwise ligand accession to Mg

2+
 in 

Mg[TFSA]2 discovered herein indicates that TFSA
−
 anion conformation is determined by the 

number of ligands in the coordination sphere of Mg
2+

, which is restricted to even numbers 

only. 

Experimental Section 

Reagents and chemicals 

Volatile materials were handled in a vacuum line constructed using stainless steel, Pyrex 

glass, and tetrafluoroethylene−perfluoroalkylvinylether copolymer. Nonvolatile materials 

were handled under a dry argon atmosphere in a glovebox or a dry air atmosphere in a dry 

chamber. Mg[TFSA]2, (Kishida Chemicals, purity 99.9 %) was dried under vacuum at room 

temperature for 6 h and then for 24 h at 200 °C. Karl-Fischer titration indicated the water 

content of 200 ppm. Ethanol (Wako Chemicals, super dehydrated, purity 99.8%, water 

content <10 ppm), chloroform (Wako Chemicals, super dehydrated, purity 99% (stabilized by 

ethanol, 0.3–1%), water content <10 ppm), ethyl acetate (Wako Chemicals, super dehydrated, 

purity 99.5%, water content <10 ppm), and nitromethane (Aldrich Co., purity ≥98.5%, water 

content ≤100 ppm) were used as received.  

Caution: Fluorine containing compounds could be hazardous. Special attention should be 

paid during experiments. 

Crystal growth 

Crystals of Mg[TFSA]2 were grown by sublimation. A portion of Mg[TFSA]2 powder 

(approximately 40 mg) was placed at the bottom of a Pyrex glass ampoule, which was then 

evacuated for 5 min (residual pressure ~1 Pa) and sealed. Heating at 300 °C for 20 h under a 
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static vacuum resulted in the sublimate growth as a needle crystal. When Mg[TFSA]2 was not 

dry enough, two zones formed during sublimation; a low temperature zone covered with tiny 

[Mg(H2O)2][TFSA]2 plates and a higher temperature zone containing Mg[TFSA]2 needles. 

Crystals of [Mg(C2H5OOCCH3)2][TFSA]2 were grown by slowly cooling the saturated ethyl 

acetate solution of Mg[TFSA]2 with the residual Mg[TFSA]2 from 60 °C to room temperature. 

Crystals of [Mg(H2O)2][TFSA]2 were grown in a poly(tetrafluoroethylene) pressure resistant 

container by slowly cooling the dichloromethane solution of Mg[TFSA]2. Water, present as 

an impurity in dichloromethane, became coordinated to Mg
2+

 and incorporated into the 

crystal lattice. Another approach leading to the formation of [Mg(H2O)2][TFSA]2 crystals 

was the recrystallization of Mg[TFSA]2 from nitromethane without pre-drying. Mg[TFSA]2 

(approx. 100 mg) was dissolved in 3 mL of hot nitromethane (approximately 50 °C). The 

resulting solution was cooled, reduced in volume by solvent removal under dynamic vacuum, 

and stored at 10 °C; crystals appeared within two days. [Mg(C2H5OH)4][TFSA]2 crystals 

were grown from the chloroform solution of Mg[TFSA]2 during attempted Mg[TFSA]2 

crystal growth, because the chloroform contained ethanol as a stabilizer. Mg[TFSA]2 (approx. 

50 mg) was dissolved in 1 mL of hot chloroform (50°C) and the resulting solution was stored 

at 10 °C, affording colorless crystals in five days. [Mg(C2H5OH)6][TFSA]2 crystals were 

grown in conditions analogous to those of [Mg(C2H5OH)4][TFSA]2. Mg[TFSA]2 (approx. 50 

mg) was dissolved in 1 mL of hot chloroform. Ethanol (0.08 mL) was added with an 

Eppendorf syringe, and the resulting solution was placed in a fridge (~10 °C). Colorless 

crystals appeared within three days. [Mg(H2O)6][TFSA]2(H2O)2 crystals appeared in various 

solvents at the final stage of saturation with moisture from the air. The best quality crystals 

were obtained from a chloroform/water solution. Mg[TFSA]2 (85 mg) was dissolved in 4.5 

mL of hot chloroform, and 0.1 mL of distilled water was added using a syringe. Colorless 
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crystals of [Mg(H2O)6][TFSA]2(H2O)2 appeared within one week, keeping the solution at 

10 °C. 

 

Single crystal X-ray crystallography 

Crystals of Mg[TFSA]2, [Mg(C2H5OH)4][TFSA]2, [Mg(C2H5OH)6][TFSA]2, 

[Mg(H2O)2][TFSA]2, and [Mg(H2O)6][TFSA]2(H2O)2 suitable for X-ray diffraction were 

selected in the dry chamber and glued to a quartz pin using perfluoroether oil. In the case of 

[Mg(C2H5OOCCH3)2][TFSA]2, the crystal was fixed in a quartz capillary in a glovebox. The 

pin was transferred to the goniometer head (Rigaku R-axis Rapid II, controlled by the 

program RAPID AUTO 2.40,
[34]

 equipped with image-plate area detector and graphite-

monochromated Mo-Kα tube (0.71073 Å)) and placed in a stream of cold nitrogen. The X-

ray output was 40 mA at 50 kV.  

Integration, scaling and absorption corrections were performed using RAPID AUTO 

2.40 software.
[34]

 The structure was solved using SIR-2008,
[35]

 SIR-2014,
[36]

 and refined by 

SHELXL-97
[37]

 in WinGX software.
[38]

 Ortep 3
[39]

 was used to visualize the crystal structures.  

 

Raman spectroscopy  

All spectra were recorded using a Nanofinder 30 (Tokyo Instruments) microfocus Raman 

spectrometer with a 632 nm He-Ne laser. The Raman spectrum of Mg[TFSA]2 crystals was 

recorded through the glass ampoule after sublimation was complete. The adducts were sealed 

in 1 mm glass capillaries under a dry atmosphere to avoid the presence of water, and Raman 

spectra were recorded through the glass walls. The band of polycrystalline Si (520.6 cm
–1

) 

was used to calibrate the spectrometer before each measurement. 
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DSC 

Thermal analysis for the Mg[TFSA]2 sample  was performed by using a differential scanning 

calorimeter (DSC-60, Shimadzu). The samples were sealed in Al cells under a dry air 

atmosphere. The scan rate used for the measurements was 10 K min
−1

, and the machine was 

flushed with Ar for 10 min prior to every measurement.  

 

Electronic Supplementary Information 

Electronic Supplementary Information available: Selected bond lengths (Å) and angles (˚) in 

the compounds prepared and details on D-H∙∙∙A interactions (Tables S1-S11), possible 

conformations of TFSA
–

 anion (Figure S1), packing diagram of Mg[TFSA]2 containing cis 

conformers of TFSA
−
 (Figure S2), XRD powder patterns of Mg[TFSA]2 (Figure S3), DSC 

curves recorded on Mg[TFSA]2
 

powder (Figure S4), the asymmetric unit of 

[Mg(C2H5OOCCH3)2][TFSA]2 (Figure S5), the disordered ethyl acetate ligands in 

[Mg(C2H5OOCCH3)2][TFSA]2 (Figure S6), representation of D−H∙∙∙A interactions in 

[Mg(H2O)2][TFSA]2 (Figure S7), the D−H∙∙∙A interactions of TFSA
–
 in 

[Mg(C2H5OH)4][TFSA]2 (Figure S8), the homoleptic [Mg(C2H5OH)6]
2+

 unit in the structure 

of  [Mg(C2H5OH)6][TFSA]2 (Figure S9), Raman spectrum of ethanol (Figure S10), the 

Raman spectrum of Mg[TFSA]2
 
after exposure to the air (Figure S11). 
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